Background: Diabetes mellitus (DM) is associated with an increased prevalence of peripheral arterial disease and medial arterial calcification (MAC), possibly related to prevalence and severity of diabetic polyneuropathy (DPN).
N EUROPATHIES ASSOCIATED
with diabetes mellitus (DM) are of several varieties and caused by different underlying mechanisms. 1, 2 Large artery and microvessel alterations are more prevalent in patients with DM than in healthy subjects (HS) and may be involved in the pathogenesis of some diabetic neuropathies. [3] [4] [5] Early reports suggested that peripheral arterial disease (PAD) caused infarctions in nerves. 6 However, these so-called infarctions were later recognized as Renaut bodies, structures described earlier and known to occur in normal nerves without causing fiber degeneration. [7] [8] [9] It has been increasingly recognized that PAD is not a precursor condition of distal, length-dependent sensorimotor polyneuropathy (DSPN) in most patients with DM. It might play a role in late progression of this polyneuropathy, and we consider that issue here. Distal, lengthdependent sensorimotor polyneuropathy, the most common variety of diabetic neuropathies, develops on a background of long-standing hyperglycemia, associated metabolic derangements (increased polyol flux, accumulation of advanced glycation end products, oxidative stress, and altered metabolism of lipids, among others 2, [10] [11] [12] [13] [14] ), and microvessel alterations. 2, 15, 16 It has been suggested that PAD may influence the expression and severity of diabetic polyneuropathies, perhaps late in its course. 5 It is possible and perhaps even likely that se-vere symptomatic PAD can worsen DSPN by causing ischemic damage of nerves. It is known that ischemic gangrene causes distal infarction of all tissues, including that of peripheral nerves. 17 Medial arterial calcification (MAC) is frequently observed in patients with DM and is associated with increased risk of nephropathy, retinopathy, limb amputation, coronary artery disease, and mortality. 18, 19 Many metabolic and humoral factors as well as activation of the RANKL (receptor activator of nuclear factor -B ligand)/ osteoprotegerin signaling pathway may be involved in the pathogenesis of MAC, which in patients with DM is thought to be associated with distal symmetric polyneuropathy. 20 To explore the possible role of MAC of legs as a surrogate marker of DSPN and its possible role in late progression of DSPN, we assessed the risk covariates for MAC in our established cohort studies of persons with DM (Rochester Diabetic Neuropathy Study [RDNS] ) and those without DM (RDNS-HS).
METHODS

EVALUATION OF MAC IN RDNS AND RDNS-HS COHORTS
Anterior-posterior and lateral radiographs of the feet and distal legs were obtained from volunteers in the Olmsted County cohort of inhabitants with DM (RDNS) in Olmsted County, Minnesota, [21] [22] [23] and age-and sex-matched volunteers from the HS cohort from the same county (RDNS-HS). 24, 25 Letters requesting participation were approved by institutional review board committees of Mayo Clinic and Olmsted Medical Center. The RDNS and RDNS-HS cohorts are mainly of northern European extraction.
We considered obtaining blood flow measures of the foot and/or functional computed tomography but deferred such studies for 2 reasons. First, patients were already being extensively screened yearly for diabetic and other microvessel complications and many might not have agreed to functional tomography. Second, in any case, we did not have the research funding to do such studies. We began with screening radiographs, which might have been followed by functional computed tomography studies if results had been sufficiently promising.
MEASURES OF CHRONIC GLYCEMIA AND METABOLIC DERANGEMENT
Cross-sectional and longitudinal data available for the RDNS cohort to the date of the present study were as follows: age of onset of DM, duration of DM, type of DM (based on C-peptide response to glucagon stimulation), fasting plasma glucose, and glycated hemoglobin (hemoglobin A 1c [HbA 1c ])-the latter 2 obtained every 3 months and averaged among years. Also available for this study was a model of chronic glycemic exposure that included statistically significant variables correlating and predicting the severity of diabetic complications of polyneuropathy, retinopathy, and nephropathy. In this model, exponents of averaged HbA 1c , duration of DM (years), and age of onset of DM (years) or type of DM correlated and predicted the severity of complications. 26 Additional risk covariates studied were change in anthropomorphic variables; tobacco and alcohol use; blood pressure; kidney function; measures of caloric intake and energy expenditure; proteinuria; and plasma concentrations of creatinine, cholesterol, triglycerides, highdensity lipoprotein, low-density lipoprotein, and lipoproteins including lipoprotein(a). The same measurements were obtained on 1 occasion at the time of study for the matched RDNS-HS cohort.
ASSESSMENT OF MICROVESSEL COMPLICATIONS
Diagnostic and scored criteria for microvessel complications were described in an earlier publication. 22 Severity of DSPN was assessed by 2 approaches: a staged and a continuous measurement approach. The staged approach used was described previously. 24 For the continuous measurement of DSPN severity, we used a scored assessment of neuropathy signs (Neuropathy Impairment Score of Lower Limb) plus a composite normal deviate (nd) score (from percentiles corrected for applicable variables) of 5 attributes of nerve conduction (⌺ 5 NC nds). 27 Stages of DSPN were as follows: stage 0 was no abnormality of NC, ie, ⌺ 5 NC nds was 97.5 or greater. Stage 1a was confirmed DSPN with ⌺ 5 NC nds of 97.5 or greater but no signs or symptoms. Stage 1b was abnormality with ⌺ 5 NC nds of 97.5 or greater and neurologic signs. Stage 2a was abnormality of NC and neuropathy symptomswith or withoutsigns. Stage 2b was abnormality of NC, neuropathy symptoms, and more severe signs (Ն50% weakness of ankle dorsiflexion).
ASSESSMENT OF MAC
Standard anterior-posterior and lateral radiographs of the feet and distal leg of patients were obtained from January 1, 1995, through December 31, 2002. They were read independently by 2 radiologists ( J.W.B. and R.G.S.) without biographic or clinical information available to them. Medial arterial calcification was defined as continuous parallel lines of calcification at sites of leg and foot arteries.
STATISTICAL ANALYSIS
Differences among measurements between the DM and the HS cohorts, between patients with and without MAC of legs, and between patients with and without complications were evaluated using standard statistical tests. In testing for associations between putative risk covariates and severity of microvessel complication or MAC of legs, both baseline and averaged values (calculating the mean value per year and then the mean of the annual values) were used. Associations between complications and risk covariates were evaluated univariately with the t test or the Wilcoxon rank sum test for continuous variables and with the 2 test or the Fisher exact test for discontinuous variables. Stepwise (stepping up) multiple logistic regression tests were used for the multivariate analysis, and the criterion for inclusion of a variable in the model was PϽ.05.
RESULTS
VALIDITY AND REPRODUCIBILITY OF IDENTIFICATION OF MAC OF LEGS
The interrater agreement between the 2 radiologists' identification of MAC of legs was 94.1%, with a coefficient of 0.7, indicating good agreement.
BIOGRAPHIC AND DEMOGRAPHIC CHARACTERISTICS OF STUDY COHORTS
Healthy subjects were not significantly different from patients with DM by the criteria of age, sex, and height ARCH NEUROL / VOL 68 (NO. 10), OCT 2011 WWW.ARCHNEUROL.COM 1291 (Table 1) . However, as expected, patients with DM had significantly higher weight, body mass index, and body surface area. Also, patients with DM smoked more and had higher systolic blood pressure. Diastolic blood pressure was significantly lower in patients with DM than in HS, possibly related to more frequent use of antihypertensive drugs in patients with DM (P =.001). Mean values of fasting plasma glucose, HbA 1c , and triglycerides were significantly higher in patients with DM; but cholesterol, high-density lipoprotein, lowdensity lipoprotein, and lipoprotein(a) were significantly lower in patients with DM. Conceivably this latter finding could be related to increased use of lipidlowering drugs in patients with DM compared with such use in HS, but statistical significance was not reached (P=.28).
A history of previous large vessel disease such as coronary artery disease and PAD was more frequent in patients with DM (P=.03 for coronary artery disease; P=.15 for cerebrovascular disease; and P = .002 for peripheral vascular disease), but this did not reach statistical significance (P=.54 for coronary disease, .63 for cerebrovascular disease, and .98 for PAD). As expected, patients with DM had a significantly higher frequency of microvascular complications, ie, neuropathy, retinopathy, and nephropathy (Table 1) .
PREVALENCE OF MAC OF LEGS
Considering the entire cohort of 481 persons (DM and HS groups combined), 66 (13.7%) had MAC of legs. Of 260 patients with DM, 55 (21.2%) had MAC, whereas only 11 of the 221 HS (5.0%) had it (P Ͻ.001). It was approximately 4 times more frequent in patients with DM than in HS.
RISK COVARIATES FOR MAC OF LEGS
The multivariate risk covariates for MAC of legs are shown in Table 2 ; they are age, male sex, DM, and retinopathy. It was of some interest that many of the cardiovascular risk covariates (use of tobacco, hypertension, cholesterol, low-density lipoprotein, lipoprotein[a], triglycerides, renal dysfunction, and others) found to relate to MAC of legs in univariate analysis were not risk covariates in multivariate analysis.
ASSOCIATION BETWEEN MAC AND DSPN AND RISK COVARIATES FOR DSPN
The occurrence of MAC and DSPN were statistically associated (PϽ.001). However, the association between the two was not close enough to use MAC as a surrogate marker and predictor of DSPN. The glycemic index (a model combining exponents of average HbA 1c , duration of DM, and age of onset of DM), body surface area, and retinopathy were found to relate to MAC ( Table 3) .
COMMENT
The present study addressing MAC, its putative risk covariates, and its implications for DSPN is unique in the following respects: it was a prospective, populationbased, controlled study, and it used masked assessment and extensive assessment of risk covariates studied crosssectionally and longitudinally. In addition, DSPN was measured using objective and quantitative end points validated in other studies. Our study was ancillary to our prospective and longitudinal assessment of diabetic polyneuropathies of Olmsted County persons with DM (RDNS;502 persons followed up for Յ18 years and supported by grant NS36797 from the National Institute of Neurological Disorders and Stroke). The volunteers with DM and their matched controls without DM were not significantly different by the criteria of age, sex, and height but were different in important respects, eg, weight, body mass index, HbA 1c , plasma lipids, and diabetic microvessel complications (Table 1 ). The studied groups are therefore comparable by site of study, ethnic background (mainly of northern European extraction), medical care (from Mayo Clinic and Olmsted Medical Center), and selection (volunteers from population-based community lists). Masked evaluations were performed for the major end points (MAC and presence and severity of DSPN). Objective measurement was also used for DSPN, with reference values obtained from the same population.
In the present study, MAC was approximately 4 times as prevalent in patients with DM as in HS. In addition, the risk factors for MAC were advancing age, male sex, DM, and microvessel disease (as represented by retinopathy). The results are in keeping with those of earlier studies. 18, [28] [29] [30] [31] Other risk covariates may have been operative but not expressed because they were expressed by other significant covariates. This may have been the case for smoking. Smoking was not identified as a separate risk covariate in the present study but conceivably could have been represented by men who smoked much more (mean [SD], 15 [24] pack-years) than women (7 [15] pack-years) (PϽ .001). On the other hand, factors other than smoking that are associated with male sex might explain the male risk covariate role in MAC.
To test whether MAC was a risk factor for symptomatic PAD, we assessed occurrence of MAC against the previous history of cardiovascular disease, cerebrovascular disease, or PAD to the time of the study. Although these events were more common in patients with DM, statistical significance was not achieved. Previous studies, however, have shown that MAC does relate to symptomatic atherosclerotic complications. 32, 33 Our failure to show a significant correlation could relate to the ambulatory nature of our cross-sectional studies.
An additional important focus of our study was whether MAC of legs might be a surrogate marker for DSPN and whether it could be shown to be a risk covariate for DSPN. In previous studies, MAC was shown to correlate with such microvessel complications as nephropathy. 34 Although there is a statistical association between MAC of legs and DSPN, we did not find that MAC of legs was a strong indicator of symptomatic PAD or of DSPN. Therefore, although our data do not rule out the possibility that PAD might be involved in additional nerve damage in established DSPN, we have not found evidence for it either.
In our study, such cardiovascular risk factors as cholesterol, low-density lipoprotein, hypertension, triglycerides, and renal dysfunction were not shown to be risk covariates for MAC, in contrast to previous studies. 18, 30, 35, 36 It is possible that they are not measurable as covariates because of treatment effects (antihypertensive or lipid-lowering drugs).
Autonomic symptoms and deficits are common in patients with DM, 37 but in our study were not shown to be risk covariates for MAC or DSPN. Abbreviations: CI, confidence interval; NISLL7N, Neuropathy Impairment Score of Lower Limb (summated normal deviate score of peroneal motor nerve amplitude, velocity, and distal latency, tibial motor nerve distal latency, and sural nerve amplitude plus vibration detection threshold for a great toe and those of heartbeat variation with deep breathing); OR, odds ratio.
a The OR and associated CIs are reported per decade for age and per SD for the other quantitative variables.
b The threshold of significance was set at P Ͻ.05. 
